Adeno-associated virus (AAV) vector-based gene therapy is a promising treatment strategy for delivery of neurotrophic transgenes to retinal ganglion cells (RGCs) in glaucoma patients. Retinal distribution of transgene expression following intravitreal injection (IVT) of AAV is variable in animal models and the vitreous humor may represent a barrier to initial vector penetration. The primary goal of our study was to investigate the effect of prior core vitrectomy with posterior hyaloid membrane peeling on pattern and efficiency of transduction of a capsid amino acid substituted AAV2 vector, carrying the green fluorescent protein (GFP) reporter transgene following IVT in dogs. When progressive intraocular inflammation developed starting 4 weeks post IVT, the study plan was modified to allow detailed characterization of the etiology as a secondary goal. Unexpectedly, surgical vitrectomy was found to significantly limit transduction, whereas in non-vitrectomized eyes transduction efficiency reached upwards to 37.3% of RGC layer cells. The developing retinitis was characterized by mononuclear cell infiltrates resulting from a delayed-type hypersensitivity reaction, which we suspect was directed at the GFP transgene. Our results, in a canine large animal model, support caution when considering surgical vitrectomy before IVT for retinal gene therapy in patients, as prior vitrectomy appears to significantly reduce transduction efficiency and may predispose the patient to development of vector-induced immune reactions. 1 Direct supplementation of exogenous neurotrophic factors via intravitreal injection (IVT) results in RGC preservation in rodent glaucoma models. Unfortunately, these effects are short-lived, typically persisting less than 2 weeks.
INTRODUCTION
Neuroprotective strategies are a critical focus in the development of novel therapeutic interventions to prevent retinal ganglion cell (RGC) loss secondary to glaucoma. 1 Direct supplementation of exogenous neurotrophic factors via intravitreal injection (IVT) results in RGC preservation in rodent glaucoma models. Unfortunately, these effects are short-lived, typically persisting less than 2 weeks. [2] [3] [4] [5] Although significant advancement has been made in sustained-release device technology, the steady-state delivery of neurotrophic support remains limited to between 6 months and 3 years. 6 As an alternative to sustained-release devices, adenoassociated virus (AAV)-mediated gene therapy appears promising. Since AAV vectors can stably transduce post-mitotic inner retinal cells, long-term transgene expression resulting in a lifetime therapeutic effect becomes a theoretical possibility. 7 Evaluation of IVT-delivered AAV vectors in small animal models has demonstrated rescue of RGCs following axonal insult; however, this effect appears to be variable by retinal region. 8 AAV delivered via IVT in large animal models also produces variable RGC transduction between retinal regions. [9] [10] [11] We recently reported a similar finding when using photoreceptor-targeted AAV vectors in dogs, where retinal tissue penetrating ability was significantly inhibited over the temporal retina. 12 Development of a method that generates consistent, widespread retinal transduction is pivotal to the advancement of AAV gene therapy in management of glaucoma as well as outer retinal diseases.
Immune reactions following the administration of viral vectors reduce therapeutic benefits while simultaneously inflicting damage on transduced cells and harming the patient. 13 The eye has long been recognized as an immune-privileged site, limiting the development of immune reactions following both subretinal and IVT delivery.
14 However, reports of immune reactions in animal models following intraocular delivery have become more frequent as dosing strategies are modified to employ more efficient, engineered AAV vectors with escalation of administration titers. 11, 15, 16 When an unexpected immune reaction occurs, it is paramount to determine whether it is directed against vector capsid or the expressed transgene. Animal models appear to be resistant to the development of cell-mediated capsid reactions; however, transgene reactions have been described. 13, 17 Risk of these reactions is significantly increased with gene therapy for diseases caused by recessive null mutations, since a novel transgene is expressed to which the host immune system has never been exposed. management of retinal detachments and proliferative diabetic retinopathy. A primary aim of our study was to evaluate the effect of vitrectomy on the regional distribution of transduction following IVT of AAV in dogs, as well as a qualitative assessment of its effect on retinal penetration ability. A secondary aim of our study was to characterize the efficiency of AAV capsid subtype 2 with three capsid tyrosine-to-phenylalanine substitutions and one threonine-to-valine substitution [AAV2 (triple Y-F+T-V)], carrying the green fluorescent protein (GFP) reporter transgene driven by the constitutive chicken-β-actin promoter, for transduction of RGCs in the dog model. AAV2 (triple Y-F) has been previously shown to increase transduction efficiency in RGCs 430-fold when compared with wild-type AAV2 in mice. 20 A preliminary doserange finding and safety study in our laboratory suggested that AAV2 (triple Y-F+T-V) is more efficient than AAV2 (triple Y-F) following IVT in dogs, and we hypothesized that core vitrectomy with posterior hyaloid membrane peeling may further potentiate this transduction efficiency. When a marked intraocular, presumed immune reaction occurred part way through the study, focus was redirected toward characterization of the reaction, including procedural and/or vector-induced variables responsible for the immune response.
RESULTS AND DISCUSSION
Preliminary safety and dose-range finding study The vector dose used in our study was selected based on results from a preliminary dose-range finding and safety pilot study utilizing the same vector (unpublished data). In the pilot study, eight normal dog eyes were administered either AAV2 (triple Y-F+T-V) or AAV2 (triple Y-F), both utilizing chicken-β-actin promoter to drive GFP expression. Four eyes received IVT of 2.6 × 10 11 vector genomes and had higher transduction rates compared with four eyes administered a total of 2.6 × 10 10 vector genomes. AAV2 (triple Y-F+T-V) transduced cells within the GCL, our intended cellular target, more efficiently than AAV2 (triple Y-F) (Supplementary Table 1 ). Aside from expected mild post-operative intraocular inflammation, characterized by grade 1 out of four aqueous humor flare (Supplementary Table 2 ) in all eyes, which cleared within 48 h post IVT, no adverse effects were noted in any of the eight eyes. On the basis of these findings, AAV2 (triple Y-F+T-V) at a dose of 2.6 × 10 11 vector genomes was selected for the study described below.
Ophthalmic examinations and GFP fluorescence Core vitrectomy with posterior hyaloid membrane peeling was performed in the right eye of three dogs, 4 weeks before vector injection. Twelve days after vitrectomy, Dog 1 developed endophthalmitis of the right eye (grade 2/4 aqueous humor flare (Supplementary  Table 2 ), miosis and vitreal cloudiness) and was treated with systemic corticosteroids and antibiotics. The endophthalmitis resolved within 1 week. Regional retinal thinning, evidenced by patchy tapetal hyperreflectivity, was the only abnormality present on ophthalmic examination at the time of vector injection. AAV2 (triple Y-F+T-V) was delivered via IVT into both vitrectomized and non-vitrectomized eyes of all three dogs immediately adjacent to the retinal surface along the visual streak. A total of 2.6 × 10 11 vector genomes were injected in a volume of 200 μl. During the first 4 weeks post IVT, all eyes were normal aside from expected post-procedural mild anterior uveitis (grade 1/4 aqueous humor flare) at examination 24 h following injection, with resolution by 48 h.
At 2 weeks post IVT, confocal scanning laser ophthalmoscopy showed widespread increased GFP fluorescence above background tapetal autofluorescence in the non-vitrectomized eye of all three dogs. The multifocal pattern with curvilinear streaks coursing toward the optic nerve head suggested the fluorescence was mostly resultant from RGC and nerve fiber layer expression of GFP (Figure 1a) . Subjectively, the intensity and distribution of retinal fluorescence increased in the non-vitrectomized eye of all three dogs as the study progressed. The vitrectomized eyes of Dogs 2 and 3 were grossly devoid of retinal GFP fluorescence apart from focal fluorescence involving the optic nerve head beginning at 2 weeks post IVT (Figure 1b) . Dog 1 showed weak multifocal GFP fluorescence in the inferotemporal fundus region and adjacent to the retinal vasculature in the vitrectomized eye, which had previously been affected by endophthalmitis following vitrectomy.
At 4 weeks post IVT, Dog 3 developed acute bilateral endophthalmitis (grade 3/4 aqueous flare, miosis and vitreal cloudiness) and was treated with topical and systemic corticosteroids and systemic antibiotics. The inflammation improved within 1 week but did not fully resolve, with vitreal cloudiness persisting.
It was unclear what caused this inflammation; the acute and bilateral nature of the inflammation was suggestive of an immune reaction to the AAV capsid or transgene product; however, a lack of inflammatory signs in the other two dogs precluded the omission of inflammation or infection secondary to the IVT surgical procedure as a possible etiology, so the study was continued. At 6 weeks post IVT, Dog 1 developed acute endophthalmitis in the vitrectomized eye (grade 3/4 aqueous flare, miosis and vitreal cloudiness), and retinitis (diffuse tapetal hyporeflectivity and increased vessel tortuosity) in the nonvitrectomized eye (Figure 2b) . Timing of the inflammatory reactions observed at 4 and 6 weeks post IVT is similar to that reported for both capsid and transgene-specific cytotoxic T-lymphocyte reactions in humans and large animal models. 13, 21 This led us to hypothesize the inflammation was vector-induced, and a decision was made to terminate the study to collect samples critical for definitive determination of the etiology and to preserve retinal tissues necessary for evaluation of vector transduction distribution and efficiency. Dog 1 was killed immediately because of the rapidly progressive inflammation, and Dogs 2 and 3 were killed the following day. Unfortunately, the abrupt decision to kill Dog 1 for humane reasons before planning assays for characterization of the immune reaction and vector biodistribution precluded collection of some samples from this animal. Aside from the described intraocular inflammation, all three dogs were systemically healthy throughout the course of the study.
Gonioscopic imaging (488 nm blue light) was performed on Dog 2 at 6 weeks post IVT. Fluorescence was observed within the ciliary cleft of the vitrectomized eye, while the non-vitrectomized eye did not have appreciable fluorescence (Figures 3a and b) . At the time of eyecup collection six weeks post IVT, the cornea, iris and ciliary body from Dogs 2 and 3 were also collected and cryosections were prepared. Both vitrectomized and non-vitrectomized eyes expressed GFP within the ciliary body (Figures 3e and f). Vitrectomized eyes had subjectively increased GFP expression within the iris and trabecular meshwork (Figures 3c and d) .
The lack of appreciable retinal GFP expression in vitrectomized eyes was unexpected. We originally hypothesized that vector solution injected within an intact vitreous humor could be sequestered by the gel-like collagen matrix, preventing widespread exposure of the retina. Our results suggest that the intact vitreous humor is actually beneficial for retinal exposure to the vector solution. Flow of aqueous humor within the posterior segment of an eye with intact vitreous humor is in a posterior direction (from the hyaloid membrane toward the retina). 22 We now postulate that loss of the posterior vitreous humor disrupts this flow and creates increased reflux of vector solution across the anterior hyaloid membrane into the anterior chamber. This is supported by the increased level of GFP expression within anterior segment structures in vitrectomized eyes (Figure 3 ). (e) Overall ganglion cell layer transduction efficiency for non-vitrectomized eyes and vitrectomized eyes 6 weeks post IVT. Non-vitrectomized eyes had significantly higher levels of ganglion cell layer transduction (P = 0.04; unpaired t-test). DAPI, 4',6-diamidino-2-phenylindole; GCL, ganglion cell layer; GFP, green fluorescent protein; INL, inner nuclear layer; IVT, intravitreal injection; ONL, outer nuclear layer. Scale bar, 50 μm. *There is no transduction efficiency calculation for the vitrectomized eye of Dog 1 due to loss of sample for histopathological analysis. difference between vitrectomized eyes and non-vitrectomized eyes was significant (P = 0.04). Variation in GCL transduction rates was observed between sagittal retinal regions, with a mean of 20.8 ± 4.5% and 21.8 ± 14.7% cells transduced in the nasal and central sagittal planes, respectively, versus 4.6 ± 4.6% cells transduced in the temporal sagittal plane (Supplementary Figure 1) . This difference was not statistically significant (P = 0.13). Peak transduction rates were as high as 25.8% in the nasal plane and 37.3% in the central plane. We recently reported a similar pattern following IVT of photoreceptor-specific AAV vectors in dogs. 12 Transduction occurred within all other retinal cellular layers predominantly in regions underneath the retinal vasculature in non-vitrectomized eyes, with both rod and cone photoreceptors as well as rod bipolar cells expressing GFP (Supplementary Figure 2) . This pattern of increased AAV penetration at the site of retinal vessels has been described previously following IVT. 10, 12 These retinal cell populations are important targets for retinal gene therapy.
Direct comparison of our GCL transduction efficiency results to other reports utilizing IVT of AAV vectors in large animal models is challenging, as quantification of GCL transduction rate has not been previously reported. By subjectively comparing our in vivo imaging to images published from other studies, our results appear to suggest AAV2 (triple Y-F+T-V) generates higher GCL transduction compared with both wild-type AAV2 and AAV2 (quad Y-F) vectors previously used in dogs and primates. [9] [10] [11] Optimization of capsid amino acid substitutions has been shown to decrease intracellular proteasomal degradation of AAV vectors. 23, 24 Confocal scanning laser ophthalmoscopy images from non-vitrectomized eyes in our study seem to demonstrate comparable levels of in vivo GFP expression to the novel 7m8 vector used in primates as reported by Dalkara et al., 11 although cross-species comparisons should be interpreted with caution.
Microscopic evaluation of retinitis
The vitrectomized eye of Dog 1 was fixed in Bouin's solution and submitted for histopathological evaluation. Hematoxylin and eosin-stained retinal sections revealed that the clinically acute retinitis was characterized by mononuclear inflammatory cells, suggestive of an immune-mediated reaction as opposed to an infectious etiology. Retinal sections were labeled with cluster of differentiation (CD) 3 and 20 antibodies to identify T-and B-lymphocytes, respectively. Mononuclear inflammatory cells within the retina labeled positive with both CD3 and CD20 antibodies, indicating a heterogeneous lymphocytic inflammatory response (Figures 4a and b) . Paraformaldehyde-fixed retinal cryosections from the non-vitrectomized eye of Dog 1 and both eyes of Dogs 2 and 3 were labeled with CD4 and CD8 antibodies to differentiate between T-helper and cytotoxic T-lymphocytes, respectively. Dog 2 did not have any labeled cells. Positive labeling for both antibodies was observed in both eyes of Dog 3 (Figures 4c and d) , as well as the non-vitrectomized eye of Dog 1. Subjectively, CD-positive inflammatory cells were more abundant within the retina of the non-vitrectomized eye of Dog 3 compared with the vitrectomized eye. The vitrectomized eye of Dog 1 could not be labeled with CD4 and CD8 because of the use of Bouin's fixative. Labeling of retinal cryosections with glial fibrillary acidic protein antibody showed increased expression deep to the nerve fiber layer in Dog 3 compared with Dog 2, indicating glial transformation of retinal Müller cells secondary to chronic retinal inflammation (Figures 2c and d) . Collectively, these results are consistent with a delayed-type hypersensitivity immune reaction, similar to that reported following systemic and intraocular AAV delivery in large animal models. 13, 25 Presence of both CD4 + and CD8 + T-lymphocytes as well as B-lymphocytes within the inflamed retinas is reminiscent of the hepatic inflammatory cell profile described by Gao et al. 13 following intraportal injection of AAV7 vectors driving GFP expression in primates. AAV2 and AAV8 vectors driving GFP expression are capable of producing a dose-dependent adaptive immune response following subretinal delivery in primates. 25 This not only leads to suppression of transgene expression but also destruction of the affected retinal tissues. 11, 25 The timing of the reaction in our study is slightly later than described following intraportal injection of AAV, but much earlier than that reported following subretinal injection or IVT in non-vitrectomized eyes. 11, 13, 25 Immune response assays A neutralizing antibody (NAb) assay was performed four weeks post IVT to detect humoral responses directed against AAV2 vector. A robust NAb response occurred in all dogs. Reciprocal serum dilutions required to achieve o50% neutralization of AAV transduction measured between 20 480 and 81 920 in Dogs 2 and 3, and 481 920 (the highest dilution tested) in Dog 1. Serum from a naive animal housed in the same vivarium tested o5 (the lowest dilution tested). The generation of a humoral immune response is expected following IVT. A study in mice demonstrated IVT generates capsid-specific NAb capable of suppressing transgene expression when the same vector was injected via IVT into the contralateral eye. 26 Peripheral blood mononuclear cells (PBMCs) were isolated from Dogs 2 and 3 at 6 weeks post IVT and challenged against vectorspecific antigens. PBMCs from Dog 2 exhibited a robust stimulatory response to GFP antigen, but not to AAV2 (triple Y-F) capsid antigen ( Table 1 ). The reactivity of PBMCs from Dog 2 to GFP is consistent with previous studies where subretinal, intraportal and intravenous AAV injection in primates and dogs generated an adaptive immune response to GFP. 13, 25, 27 Capsid-directed T-lymphocyte responses were not detected in any of these studies. The presence of GFPprimed PBMCs in Dog 2 suggests that a T-lymphocyte inflammatory reaction would have eventually developed in this animal. 13 Dog 3 did not generate a significant stimulatory response to either test antigen or the control antigen Candida albicans. We suspect this is an effect of immunosuppressive corticosteroid treatment (oral prednisone 1 mg kg
) it received for bilateral endophthalmitis for 2 weeks before PBMC collection. The PBMC results from Dog 2 are highly suggestive of a GFP transgene-specific T-lymphocyte response; however, a direct link cannot be definitively made between this response and the immune reactions seen in Dogs 1 and 3 due to absence of a PBMC sample from Dog 1. Future experiments in our laboratory will include PBMC collections in all animals before and serially following AAV injection, in order to definitively characterize any immune responses that may occur. The eye is considered an immune-privileged site, capable of generating an immune deviant response to intraocular antigens, although this process can be overcome by inflammation or a strong antigen. [28] [29] [30] [31] We suspect the vitrectomy procedure greatly increased the amount of AAV vector transiting into the anterior chamber and aqueous humor outflow pathways, resulting in significant transduction of off-target cell populations and exposure of GFP antigen to the systemic immune system. AAV is unable to efficiently transduce antigen presenting cells (APCs); therefore, GFP antigens must be exogenously taken up by APCs in order to be presented for T-lymphocyte activation, a process known as 'cross-presentation'. 17 The increased level of immunogenic GFP antigen within the anterior segment of vitrectomized eyes likely overwhelmed existing immune-deviation mechanisms, resulting in a delayed-type hypersensitivity response instead of immune tolerance. 28 A lack of response to capsid antigen may have resulted from evasion of proteasomal degradation due to the presence of Y-F and T-V substitutions, decreasing the amount of capsid antigen available for cross-presentation.
Biodistribution of AAV vector Ocular and non-ocular tissue samples were collected from Dogs 2 and 3 for quantitative PCR biodistribution analysis of AAV vector genomes (Table 2) . AAV vector genomes were present in the aqueous humor and optic nerves of vitrectomized and nonvitrectomized eyes. A much greater quantity of vector genomes was present in the aqueous humor of the non-vitrectomized eye of Dog 2 compared with the vitrectomized eye. We suspect this indicates a slow 'extended release' phenomenon, where the intact vitreous sequesters the AAV vectors, resulting in a much slower clearance of vector across the anterior hyaloid membrane. The vitrectomized eye, however, may have had more rapid clearance of vector into the aqueous humor post IVT, and the lower number of genomes in the fluid aqueous humor present 6 weeks later represents a steady-state level within the eye, with most of vector already within anterior uveal tissues or filtered out of aqueous drainage pathways. This theory is supported by the increased level of GFP expression within the anterior uveal tissues and trabecular meshwork of the vitrectomized eyes (Figure 3 ). To explore this theory, future studies in our laboratory will include serial aqueous humor samples following IVT of AAV vectors, as well as the collection of the ciliary body and trabecular meshwork tissues, for quantitative PCR analysis.
Quantitative PCR also detected vector DNA in splenic tissue, but not in any other sampled non-ocular tissues. This trafficking of vector genomes to the spleen has been described after intravenous or intraportal injection of AAV. 13, 27 Following exposure to an intraocular antigen, specialized APCs responsible for immune deviation preferentially migrate to the spleen, where they generate regulatory T-lymphocytes to promote antigen tolerance. 32 We suspect this established mechanism is responsible for vector genomes collected within splenic tissue but not in other organs.
Our study had a number of limitations. The unexpected and acute nature of the immune reactions resulted in expedited changes in the study protocol. The immediate killing of Dog 1 due to welfare concerns over the rapidly developing severe intraocular inflammation resulted in a lack of collecting valuable immune assay samples for that animal. Use of Bouin's solution for fixation of the vitrectomized eye of Dog 1 to achieve better histopathological characterization of the inflammatory response led to an inability to label sections from that eye with CD4 and CD8 antibodies as well as exclusion of the eye from transduction efficiency assessments, which in turn reduced the statistical power. The immunosuppressive corticosteroid treatment of Dog 3 likely inhibited the expected PBMC reactivity to GFP antigen. Therefore, our conclusions regarding the specificity of the immune responses are based on results from a very limited number of animals. In addition, the GFP-specific PBMC result from Dog 2 could have been further characterized using methods such as intracellular cytokine staining and flow cytometry to verify the effector functions of the T-lymphocytes. 18 In conclusion, our study demonstrates that core vitrectomy with posterior hyaloid membrane peeling occurring before IVT delivery of AAV vectors does not enhance retinal transduction in the dog, but instead significantly reduces transduction. We also demonstrated that the dog is capable of generating a delayed-type hypersensitivity response to the GFP transgene following IVT of an AAV vector. On the basis of comparison with previous studies in our laboratory in which similar doses of the same vector were used without adverse complications, development of this immune reaction appears to be potentiated by the vitrectomy procedure. Therefore, we urge caution when considering IVT delivery of AAV vectors for retinal gene therapy in patients that have had a prior vitrectomy. Additional studies are warranted to evaluate whether a similar pattern would occur in eyes affected by advanced vitreal syneresis. There was no evidence of a capsid-directed T-lymphocyte response, a finding that is promising for future studies utilizing AAV2 (triple Y-F+T-V), although the absence of a collected PBMC sample from Dog 1 compels us to make this statement with some reservation. The vector was able to transduce inner retinal neurons, including RGCs and bipolar cells, and may be considered for use in future efficacy studies in animal models of inner retinal disease.
MATERIALS AND METHODS

Animals
Three purpose-bred 10-month-old Beagle dogs (Marshall BioResources, North Rose, NY, USA) were used in the study. Power analysis using data from a preliminary pilot study revealed that an N of three dogs would be required to achieve a power of 40.8 when using a paired one-tailed t-test. All dogs were socially housed with a 12-hour light:dark cycle. Animal care was in compliance with the Association for Research in Vision and Ophthalmology statement for the Use of Animals in Ophthalmic and Vision Research, and all procedures were performed following approval by the Michigan State University Institutional Animal Care and Use Committee.
Vitrectomy
Core vitrectomy with posterior hyaloid membrane peeling was performed in the right eye via three-port pars plana approach in all three dogs 1 month before vector injection. Briefly, three 23-gauge scleral ports (Alcon, Fort Worth, TX, USA) were placed to facilitate infusion, illumination and vitrectomy probe insertion into the vitreous humor. A 23-gauge vitrectomy probe (Alcon Accurus) was used to remove the posterior half of the vitreous humor and replace it with balanced salt solution (BSS, Alcon) under direct visualization through an operating microscope (Zeiss S8, Thornwood, NY, USA) with noncontact, indirect visualization system (Oculus BIOM, Port St Lucie, FL, USA) installed. Microfiltered triamcinolone crystals (Bristol-Myers Squibb, New York, NY, USA) were injected to facilitate visualization and removal of posterior vitreous cortical fibers, followed by placement of the vitrector over the optic nerve head to induce detachment and peeling of the posterior hyaloid membrane.
AAV vector
The recombinant AAV vector construct containing capsid amino acid substitutions was manufactured and purified at the University of Florida College of Medicine using previously described methods. 33, 34 All AAV vectors underwent testing for endotoxin and were determined to contain o 5 EU ml − 1 . The AAV2 based capsid was mutated by substitution of three surface-exposed capsid tyrosine residues with phenylalanine and one threonine residue with valine (Y444F, Y500F, Y730F and T491V; referred to as AAV2 (triple Y-F+T-V)). This capsid variant has previously been shown to maximally avoid proteasomal degradation with up to 90% of vector genomes reaching the nucleus of infected cells. 35 The full-length, ubiquitous chicken-β-actin promoter was used to drive expression of the reporter, GFP.
Intravitreal injections
Vectors were prepared for injection by diluting stock supplies to a titer of 1.3 × 10 12 vg ml − 1 using sterile BSS. One month after the vitrectomy was performed in the right eye, 200 μl of vector solution was injected into the vitreous humor of both eyes immediately anterior to the retinal surface in a transverse plane along the visual streak using a RetinaJect injector (SurModics, Inc., Eden Prairie, MN, USA) as previously described. 10, 36 Post-operative treatment included antibacterial and anti-inflammatory medications as previously described. 10 Ophthalmic examinations and imaging Post IVT, all dogs received regular ophthalmic examinations and fluorescence fundus imaging as previously described. 10 Confocal scanning laser ophthalmoscopy utilizing 488 nm laser-induced fluorescence (confocal scanning laser ophthalmoscopy, Spectralis; Heidelberg Engineering, Carlsbad, CA, USA) was performed weekly post injection under general anesthesia. PBMCs were isolated as previously described, 38 then immediately frozen at − 80°C to maintain cell viability before antigen challenge analysis. Anti-AAV2 (triple Y-F+T-V) and GFP antigenspecific lymphocyte proliferation responses were assessed as previously described. 39 Briefly, lymphocytes were cultured and separated into four groups with three (controls) and six (unknowns) cultures per group: unstimulated (as negative control), stimulated with AAV2 (triple Y-F+T-V) (5000, 500 and 50 particles per cell), and stimulated with GFP (10, 1.0 and 0.1 μg ml − 1 ). After 5 days of incubation, the stimulation index was defined as: Eyecup collection and sectioning Following the development of bilateral endophthalmitis in two out of the three dogs, all dogs were killed 6 weeks post IVT with an intravenous injection of sodium pentobarbital (Fatal Plus, Vortech Pharmaceuticals, Dearborn, MI, USA). Eyes were immediately enucleated and processed as previously described, 41 with the exception of the right eye of Dog 1, which was fixed in Bouin's solution for histopathological processing to characterize the inflammatory response. Twenty micron-thick sagittal cryosections, three sections per slide, were collected (Leica CM3050-S cryostat, Leica Microsystems, Buffalo Grove, IL, USA) and stored at − 20°C.
Immunohistochemistry and cell quantification Details of primary and secondary antibodies used for immunohistochemical labeling can be found in Supplementary Table 3. Bouin's solution-fixed retinal sections from the vitrectomized eye of Dog 1 were used for labeling with CD 3 and CD 20 antibodies, all other antibodies were used to label paraformaldehyde-fixed sections. Unfortunately, this meant the vitrectomized eye of Dog 1 was excluded from analysis of vector transduction efficiency. Sagittal sections labeled with Neuronal nuclei (NeuN) antibody were used for counting purposes. Identifying information was masked, and NeuN positive cells in the GCL counted at × 20 magnification by a single observer (RFB). Cells co-labeled with NeuN and GFP were also quantified for each section. Representative images were captured using a confocal laser scanning microscope (Olympus FluoView fv1000 Confocal, Center Valley, PA, USA) at × 20 magnification.
AAV biodistribution analysis Following killing, ocular and non-ocular tissue samples (see Table 2 ) were collected from Dogs 2 and 3 and frozen at − 80°C. Ocular and non-ocular tissue biodistribution of chicken-β-actin-GFP vector genomes was determined via quantitative PCR analysis as previously described. 42 Statistical analysis Differences in overall GCL transduction efficiency between vitrectomized (Dogs 2 and 3) and non-vitrectomized eyes (all dogs) were compared using an unpaired Student's t-test. Differences in GCL transduction efficiency between sagittal regions within nonvitrectomized eyes of all three dogs were compared using analysis of variance (Excel, Microsoft, Redmond, WA, USA). Results were considered significant if Po0.05. Data are displayed as mean ± s.d.
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